Background: This study was conducted to: (1) identify new SNPs for residual feed intake (RFI) and performance traits within candidate genes identified in a genome wide association study (GWAS); (2) estimate the proportion of variation in RFI explained by the detected SNPs; (3) estimate the effects of detected SNPs on carcass traits to avoid undesirable correlated effects on these economically important traits when selecting for feed efficiency; and (4) map the genes to biological mechanisms and pathways. A total number of 339 SNPs corresponding to 180 genes were tested for association with phenotypes using a single locus regression (SLRM) and genotypic model on 726 and 990 crossbred animals for feed efficiency and carcass traits, respectively.
genetic value of animals [4] . In beef cattle, the use of such developments will benefit most traits such as feed efficiency and carcass traits which are difficult to measure or require the animals to be slaughtered for recording their phenotypes [5] . Several genome wide association studies (GWAS) indicated that many genes affect feed efficiency traits and that the majority of these effects are small [6] [7] [8] [9] [10] [11] . These studies reported many SNPs conferring genetic variation in feed efficiency. Nonetheless, although many SNPs were studied, the genetic architecture of feed efficiency was not completely explained.
Results from fine-mapping by Abo-Ismail et al. ( [12] ) suggested a list of candidate genes for further investigation to identify the causal mutations for feed efficiency within these genes [12] . Discovery of the causal mutations within these genes could help explain the genetic architecture of feed efficiency. Furthermore, this approach could provide a panel of the most informative SNPs that could be used to predict feed efficiency accurately and affordably for producers. Therefore, the objectives of this study were to: (1) identify new SNPs for RFI and performance traits within candidate genes identified in previous GWAS studies; (2) estimate the proportion of variation in feed efficiency traits explained by the detected SNPs; (3) estimate the effect of detected SNPs on carcass traits to avoid undesirable correlated effects when selecting for feed efficiency; and (4) map the corresponding genes to a biological process and pathway to understand the biological meaning behind the detected associations. In this way it was hoped to identify causal mutations or to identify markers in strong linkage disequilibrium with such mutations.
Methods

Animals and phenotypic data
The study was approved from The University of Guelph Animal Care Committee based on the recommendations outlined in the Canadian Council on Animal Care (1993) guidelines.
Feed efficiency traits
Average daily dry matter intake (DMI), average daily gain (ADG), midpoint metabolic weight (MMWT), RFI and feed conversion ratio (FCR) phenotypes were measured on 726 crossbred beef cattle, heifers (38) , steers (387), and bulls (301) at the University of Guelph's Elora Beef Research Center (EBRC). Average breed compositions were formed by Angus (45.9%), Simmental (20.7%), Piedmontese (5%), Gelbvieh (4.2%), Charolais (2%) and Limousin (1.4%). Animals primarily originated from one of two University of Guelph herds (EBRC and NLARS), the Agriculture and Agri-Food Canada Kapuskasing Research Centre (KAP) or were purchased from producers in Ontario, Canada. Calves were weaned at approximately 200 days of age, and were involved in various post-weaning trials at the EBRC with different nutrition treatments. The body weights of the animals were recorded a number of times over the trials with most trials recording weights at least every four weeks.
The ADG for individual animals was calculated as a linear regression coefficient of their live weights on the actual days of measurement using the nlme package from R software [13] . The MMBW was calculated as the midpoint body weight (kg) to the power 0.75. The DMI was calculated for each animal as total DMI divided by number of days for the test period. The RFI was calculated from the difference between the average of the animal's actual daily DMI and its expected daily DMI [14] . Expected DMI was determined through the regression coefficients estimated from the data through a multiple phenotypic regression model as follows:
Where, y ijk is the total DMI for animal k during the feeding period, μ is the overall mean, β1 is the regression coefficient of the linear regression on ADG as determined through a linear regression of weights on days on trial as described, β2 is the regression coefficient of the linear regression on MMWT, sex i is the effect of i th sex, TTY j is the effect of j th treatment × trial × year (42 levels) and e ijk is the residual random effect associated with the animal k and is the resulting RFI used in further analyses.
Carcass and meat quality traits
The association analysis of carcass and meat quality traits was carried out on 693-990 (depending on the trait) crossbred animals, including heifers (n = 33), steers (n = 705), and bulls (n = 252). In total 698 of these animals have RFI measures. All cattle were slaughtered at the University of Guelph Meat Science Laboratory Abattoir. Hot carcass weight (HCW) was measured just before the carcass was placed in the cooler. Meat Laboratory staff assessed the longissimus muscle interface (i.e. muscle surface) between the 12 th and 13 th ribs to obtain the following carcass measurements: subcutaneous fat depths between the 1  st and 2   nd   , 2  nd and 3  rd ,  and 3 rd and 4 th quadrants of longissimus muscle (recorded as F1, F2 and F3, respectively), the grade fat (GRF), the minimum measurement of subcutaneous fat depth within the 4 th quadrants of longissimus muscle and longissimus muscle area, measured using an electronic planimeter (MOP-3; Carl Zeiss Inc., Thornwood, NY) after acetate tracing (Bergen et al. [15] ). Canadian Beef Grading Agency formulae (www.beefgradingagency.ca/) were used to determine lean yield (LY), an estimate of the percentage of the carcass that is red meat. Marbling was assessed to determine the average amount, size and distribution of fat particles or deposits within longissimus muscle andwas scored as ≤3.0 = devoid; 3.1 to 4.0 = traces; 4.1 to 5.9 = slight; 6.0 to 7.0 = small to moderate; and ≥7.0 = slightly abundant to abundant. Rib dissection traits were also measured using a 4-6 rib section depending on the trial and year (physical separation of ribs 8-12 or 6-12, respectively). This procedure determines the amount of lean meat and bone, and a quantitative and qualitative assessment of fat depots (body, subcutaneous and intermuscular) within the rib to evaluate carcass composition. A complete description of carcass measurements was discussed by [15] .
SNP discovery, DNA isolation and genotyping
Messenger RNA from seven tissue types (adipose, muscle, hypothalamus, duodenum, liver, lung and kidney) was extracted using TRIzol (Invitrogen). The tissue samples were collected from beef cattle at the Lacombe Research Centre in Alberta (Canada). RNA from 7 to 14 animals was pooled for each tissue before sequencing. Sequencing libraries were constructed from each RNA pool according to a standard protocol (mRNA Sequencing Sample Preparation Guide, Illumina, USA). Sequencing was performed on the Illumina Genome Analyzer II following the manufacturer's recommendations. The resulting reads (more than 140 M) were mapped to transcript sequences from the reference bovine genome assembly (Btau4.0) [16] using maq 0.6.6 [17] . More than 1.2 million SNPs were detected by comparing the aligned reads to the reference transcripts. From this list a subset of 300 SNPs from 215 candidate genes was selected based on SNP functional consequences assigned by NGS-SNP [18] . An additional 158 coding SNPs were chosen from publicly available SNPs within the same candidate genes (Additional file 1). These genes were selected based on their proximity (on average distance 116,963 base pair) to significant SNPs identified in a previous study [12] .
Tissue or blood samples were prepared and sent to Laboratory Services, University of Guelph, for genomic DNA extraction. Then, prepared DNA samples were sent to GeneSeek, Inc. for genotyping using a commercial platform for high-throughput SNP genotyping. In total, 1,032 animals, as assessed by the numerator relationship matrix using CFC, born subsequent to the animals used in the GWAS population [12] were genotyped for 458 SNP. The 300 SNPs identified through this work that were verified through genotyping have been submitted to dbSNP under the handle name "UALG".
Quality control (QC) was done using the GenABEL package [19] in R software. Animals (n = 14) and individual SNPs (n = 5) with a low call-rate (<90%) were excluded from the analysis. Mean Identical By State (IBS) was 0.783 ± 0.0327. Animals (n = 1) with high estimation of IBS (≥0.95) were excluded. SNPs (n = 114) with a minor allele frequency (MAF) (< 1%) were excluded from the analysis of feed efficiency traits. Mean autosomal heterozygosity (HET) was 0.27 ± 0.036; animals (n = 6) with high HET (≥0.446) were excluded. Three hundred thirty nine SNPs and 727 animals passed all QC criteria where these SNPs were mapped to 180 corresponding genes (83,58, 24, 9, 4, and 2 genes including only 1, 2, 3, 4, 5 and 6 SNPs, respectively). The distribution of genotyped SNPs (339) across 29 chromosomes of the bovine genome is presented in Figure 1 . Bos taurus autosome Number of single nucleotide polymorphism 
Association analysis Single locus regression model (SLRM)
Genotypic data were coded as 0, 1, 2 corresponding to the number of minor alleles using GenABEL. In this model, phenotypes were regressed on the number of copies of a minor allele (0, 1, or 2) for estimating the allele's substitution effect using ASReml 3 software [20] . For feed efficiency traits, the univariate animal model was fitted as follows:
in which Y ijkl is the trait measured in the l th animal of the j th herd-year of birth and the k th treatment-trial-year group; μ is the overall mean for the trait; Sex i is the fixed effect of the i th sex of l th animal; HY j is the fixed effect of the j th (17 level) herd-year of birth group; TTY k is the fixed effect of the k th (42 level) treatment trial-year of the test group; β 1 is the regression coefficient of the linear regression on the number of copies of a minor allele; β 2 is the regression coefficient of the linear regression on age at the end of the test period (AET) of the l th animal; β l is the regression coefficient of the linear regressions on proportion of AN, CH, LM, SM, PI, and GV breeds in the l th animal; β 9 is the regression coefficient of the linear regression on the percentage of heterozygosity of the l th animal; a l is the random additive genetic (polygenic) effect of the l th animal; and e ijklm is the residual random effect associated with the l th animal. The TTY level that had less than three animals was excluded from the analysis. Phenotypes that were not within the mean ± 3 standard deviations for the respective trait were excluded from the analysis.
For carcass traits, the previous model (2) was modified to include the effect of the treatment trial-year-sex group instead of TTY and to include the fixed effect of the herd-year slaughter season instead of HY. Also, the effect of age at the end of the test period (day) was substituted by the age at slaughter (day).
The significance of associations was determined by an overall value of P < 0.05. To allow for multiple hypothesis-testing, chromosome wise false discovery rate (FDR) was used [21] . A threshold of 5 and 20% FDR were used for strong and suggestive associations, respectively.
Genotypic model
This model was fitted only for feed efficiency traits to consider genetic effects other than the additive effect. The model included the same effects in the SLRM, except that the allele substitution effect was replaced with the genotype effect. This model was not fitted for carcass traits to reduce the volume of results as the trait of primary interest was feed efficiency for this study.
Estimation of genetic variance explained by identified SNPs
The proportion of phenotypic variance in RFI explained by the full set of SNPs (339) that passed QC was estimated using the BayesC algorithm implemented in GenSel 3.13 software [22] . Also, the proportion of the genetic variance of RFI explained by the set of significant SNPs for at least one of the feed efficiency traits using SLRM and/or the genotypic model was estimated. Missing genotypes were inferred using fastPHASE [23] . Estimated breeding value (EBV) was determined with the SLRM without the regression on SNPs by ASReml. BayesC was then used to run the analysis with the two sets of SNPs (the full set [339 SNPs] and significant SNPs from the two models [98 SNPs]). Posterior residual and genetic variances were estimated after 41,000 iterations including 1,000 burn-in cycles. The proportion of genetic variance explained by the set of SNPs was estimated as the posterior genetic variance divided by phenotypic variance (posterior residual plus posterior genetic variance). In addition, the correlations between genomic breeding values predicted by estimated solutions and EBVs were estimated.
Enrichment analysis
The significant (P < 0.05) SNPs (98) from the SLRM and genotype models for at least one feed efficiency trait from the association analysis were mapped to 74 genes. The list of the genes was submitted to DAVID 6.7 Beta software [24] for an in silico functional analysis. In DAVID, Gene ontology (GO) was used to identify functionally related genes. The genes were also mapped to biological pathways using web software in the Kyoto Encyclopedia of Genes and Genomes (KEGG) [25] .
Results and discussion
Heritability estimates
Our goal in the current study was to identify informative or causal mutations for feed efficiency traits for use in Marker Assisted Selection (MAS). This would accelerate genetic improvement in beef cattle by improving the accuracy of selection and shortening intervals between generations [26] . Genetic Improvement of feed efficiency could subsequently minimize methane production [27] while optimizing beef production. In this study, a crossbred population was used to evaluate the relationship between potential genes identified from fine mapping and RFI. The descriptive statistics of feed efficiency, performance and carcass traits are given in Table 1 . Using the single trait animal model in ASReml, the estimates of heritabilities are given in Table 2 . Heritability estimates for feed efficiency traits are in the range reported in the literature. The estimated heritability for RFI (0.19) is within the reported range from 0.16 to 0.45 [28, 29] , whereas heritability (0.35) for ADG is in agreement with [30] . Estimated heritability for DMI (0.42) is within the reported range, from 0.31 to 0.44 [30, 31] . FCR (0.25) is also within the reported range (0.17 to 0.37) [28, 30] as is MMWT (0.48) from 0.36 to 0.69 [28, 29] . The genetic variation and moderate heritabilities in feed efficiency traits indicate effective selection would be possible, where the trait is measured. However, the detected genetic variation also indicates that MAS could be effective where the genetic markers are closely linked to or is the causative mutation and that have repeatable effects across independent populations.
Association analysis
In the current study, SNP effects were estimated using an allele substitution effect model or the genotypic model. To avoid population stratification effects from influencing the estimated SNP effect, the phenotypes were adjusted for breed proportion, and the polygenic effect was fitted using the animal model to account for possible family effects [32] . The population used in the GWAS using the Illumina BovineSNP50 was different animals to those used in the current study. However, the two populations are not independent as the animals in the current study were born subsequent to the animals used in the GWAS population from the same primary herds. The average relatedness among individuals between the two populations was estimated to be low at 0.0005 on average using the numerator relationship matrix calculated using CFC [33] . There was zero pedigree-based inbreeding among the animals used in the current study. There was no separate dataset for feed efficiency traits on the same 339 SNP chip that could be used for validation. Thus, these significant associations require validation in other independent populations.
Results indicated 15 SNPs were significantly (at less 5% FDR) associated with at least one feed efficiency trait phenotype using the allele substitution effect model (Table 3 ). These findings reveal several candidate genes that provide highly significant evidence of association with RFI (Table 3) . These promising candidate genes are located on Bos taurus autosomes (BTA) 8, 15, 16, 18, 19, 21 , and 28. The strongest evidence of association with RFI and DMI was in SNP (8: 10674426) in the three prime untranslated region (3′ UTR) of gene elongation protein 3 homolog (ELP3). Gene ELP3 modulates transcription by working as a catalytic histone acetyltransferase subunit of the RNA polymerase II elongator complex involved in transcriptional elongation [34, 35] . In Drosophila, reduction in ELP3 expression during the development of the nervous system increases activity and decreases sleep [36] and the growth of adult flies (or could be lethal for the pupa) [37] . In the current study on BTA 16, the splice site intronic mutation (rs41820824) and the missense mutation (rs41821600) within gene hemicentin 1(HMCN1) were associated with RFI, where the substitution with the minor allele was associated with increased RFI and decreased F1. In addition, the minor allele of SNP rs41824268, within gene HMCN1, was associated with decreasing HCW, whereas in SNP rs41820800, it was associated with decreasing F2. Gene HMCN1 is known to be involved in age-related, macular degeneration [38] , and polymorphisms within gene HMCN1 were associated with diabetes in man [39] .
Synonymous coding SNP (18: 17150858), within the gene encoding zinc finger protein 423 (ZNF423), was associated with RFI, DMI and MMWT and located near a reported QTL (ID: 4449) for DMI [6] . In addition, the minor allele of SNP (18: 17152044) was associated with decreasing GRF, F3, and F2, and increased LY, and was located near a reported QTL (ID: 11062) for LMA and body weight (ID: 11061) [40] . Gene ZNF423 is a transcription factor involved in metal ion-binding. Down regulation of ZNF423 expression increases cell growth and retards differentiation as a consequence of its important role with the Vitamin A metabolite, retinoic acid [41] .
On BTA 6, the SNP (6: 37288379) at 3′ UTR, within gene protein phosphatase, Mg 2+/ Mn 2+ dependent, 1 K (PPM1K), was associated with increased MMWT and HCW and decreased RFI, FCR, marbling, and IFR and was located near a reported QTL (ID: 10761) for fat thickness at the 12 th rib and a QTL (ID: 10758) for marbling score (EBV) [40] and a QTL (ID: 1753) for milk fat percentage [42] . Gene PPM1K is involved in the phosphorus metabolic process or in amino acid dephosphorylation. In addition, PPM1K plays a key role in cellular survival and development by regulating mitochondrial permeability transition pore function [43] . However, different genes are involved in mitochondrial adenosine triphosphate (ATP) synthesis efficiency and associated with differences in RFI [44] [45] [46] , therefore, the effect of gene PPM1K on mitochondrial ATP synthesis is not clear [43] .
For ADG, the most significant (at less than 5% FDR; P = 0.0009) SNP (rs41574929) was located on BTA 6, at 5′ UTR, within gene family with sequence similarity 190, member (A FAM190A; ID: 616908) ( Table 3 ). The SNP rs41574929 was also associated ssignificantly at less than 5% FDR with HCW (P = 0.006). This result is in agreement with the function described for FAM190A where it is a necessary regulator for normal mitosis [47] . A deletion mutation in FAM190A causes a cell division defect [47] .
Allele substitution effect estimates of SNPs influencing (P ≤ 0.05) growth and efficiency traits, but which did not pass chromosome wise false discovery rate (FDR) threshold q = 0.2 were listed in Additional file 2. Also, all the SNPs associated at P-value < 0.05 using the genotypic model for growth and feed efficiency traits were listed in Additional file 3.
The association analysis using SLRM indicated that 59 SNPs were strongly (Table 4) or suggestively (Additional file 4) associated at 5% or 20% FDR test, respectively, for at least one carcass trait phenotype. Results indicated that the majority of the strong or suggestive associations were for intermuscular fat % (IFR) (14 indications). Thirteen SNPs were strongly associated with marbling, whereas 12 SNPs were associated with longissimus muscle area (LMA), and as follows HCW (9), F3 (8), GRF (8), F2 (6), LY (6), body cavity fat within the rib section (BFR) (5), % lean meat within the rib section (LR) (4), % subcutaneous fat within the rib section (SQFR) (4), and F1 (2).
Significant effects (at less 5% FDR) were found in 27 genes where gene ERCC5 (ID: 509602) had the highest proportion of the effects, revealing 8 of the significant associations with carcass traits (Table 4 ). The newly discovered SNP on BTA 12 (76889667 bp), within gene ERCC5 (ID: 509602), provided evidence of association with 5 of the studied carcass traits where the substitution of the minor allele was associated with increases of 5 = the SNP's position in a base pair. MAF 6 = minor allele frequency. Alleles 7 = first allele/second allele, the second allele is the minor allele which the phenotypes regressed on its number (0, 1, and 2). n 8 = Number of animals' phenotypes and genotypes for testing the association. Estimate ± SE 9 = allele substitution effect ± standard error. LYR and decreases in marbling, F3, GRF, IFR and SQFR (Table 4) . Another newly discovered SNP in gene ERCC5 (76885563 bp) was strongly associated with three carcass traits where the substitution of the minor allele was associated with increases in F3, and GRF and decreases in LR (Table 4) . Gene ERCC5 is involved in response to abiotic stimulus and negative regulation of programmed cell death and nucleotide excision repair pathway. In mice selected for high muscle mass, ERCC5 was located in QTL for lean mass [48] . SNP on BTA 27 (39712547 bp), within gene solute carrier family 20 (phosphate transporter), member 2 (SLC20A2; ID: 518905), was associated with one carcass trait where the substitution of the minor allele was associated with an increase in BFR (Table 4 ). The SLC20A2 is involved in ion and cation transport. In human, mutations within SLC20A2 are associated with idiopathic basal ganglia calcification [49] .
SNP rs43702346 on BTA 6, within gene polycystic kidney disease 2 (PKD2; ID: 530393), was significantly associated with two carcass traits where substitution with the minor allele was associated with a decrease in HCW and IFR (Table 4 ). The PKD2 gene is involved in negative regulation of G1/S transition of mitotic cell cycle process. Gene PKD2 is near an identified QTL for bone percentage, fat percentage, meat percentage, meat-tobone ratio, moisture content and subcutaneous fat [50] . In human, polymorphisms within PKD2 may take part in the development of gout [51] .
The in silico functional analysis
In the current study, the 74 genes containing significant (P < 0.05) SNPs were submitted to DAVID for enrichment analysis. In total 39 genes out of the 74 genes were enriched in 35 biological process terms (Table 5) . Ion transport and cation transport mechanisms contained the highest number of genes associated with feed efficiency traits. In addition, some genes affecting feed efficiency traits in the current study were involved in proteolysis, protein complex biogenesis, and protein amino acid glycosylation. The ion transport mechanism in conjunction with protein turnover and metabolism account for 37% of the variation in RFI [52] .
In ruminants protein synthesis accounts for 23% of total energy use in the whole body [53] and protein turnover accounts for 42% of total gastrointestinal tract energy use [54] . In the current study, some genes were involved in phosphorus metabolic processes, phosphorylation, and amino acid phosphorylation. Protein metabolism can be controlled by changing the phosphorylation status [55] . Genes involved in phosphorus metabolic processes and phosphorylation mechanisms regulate the metabolism of energy [56] . In the current study, regulation of transcription mechanisms contributed to variation in feed efficiency traits. The connection between a functional mutation in a specific transcription factor can increase or decrease expression of genes involved in glucose, amino acid, lipid, and cholesterol metabolism [57] . Other studies have demonstrated that genes that up-regulate in response to nutritional restriction are involved in transcription control [58] .
The in silico functional study of genes having significant SNPs revealed potential pathways likely to contribute to variation in feed efficiency traits (Table 6 ). Mitogenactivated protein kinases (MAPK) signaling pathway included three of the identified genes (RASA1, CACNA1G and STK3). In a study of the differences in global gene expression between high and low RFI animals, the majority of up-regulated genes in low RFI animals were stimulated by MAPKs [59] , where the MAPKs were involved in signal transduction pathways to activate different cellular processes, such as cell division, differentiation, and cell death as a response to hormones and stress [60] . The TYR gene is involved in Riboflavin metabolism, melanogenesis, tyrosine metabolism, and catecholamine biosynthesis, and the minor allele of SNP rs42402428, within gene TYR (ID: 280951) was associated with decreasing FCR. Polymorphisms in gene TYR have been associated with rd and 4 th quarter of the longissimus; Marbling was scored as ≤ 3.0 = devoid; 3.1 to 4.0 = traces; 4.1 to 5.9 = slight; 6.0 to 7.0 = small to moderate; and ≥ 7.0 = slightly abundant to abundant; HCW = Hot carcass weight (kg); LMA = longissimus dorsi muscle area (cm2); LR = lean meat within the rib section (%); LY = Lean yield grade (%); GRF = Grade fat (mm); IFR = Intermuscular fat (%); BFR = Body cavity fat within the rib section (%); SQFR = Proportion of subcutaneous fat from the rib section (%); * is a significant SNP after adjusting for chromosome-wise 5% false discovery rate. Gene ID 2 = Entrez gene identifier; BTA 3 = Bos taurus autosome; Ref. SNP 4 = (rs#) is a reference SNP ID number and (ss#) ID is the National Center for Biotechnology Information (NCBI) assay ID number assigned by NCBI to submitted SNPs for discovered SNPs using RNA-Seq. BPPos 5 = the SNP's position in a base pair; MAF 6 = minor allele frequency; n 7 = Number of animals' phenotypes and genotypes for testing the association; Estimate ± SE 8 = allele substitution effect ± standard error, the minor allele which the phenotypes regressed on its number (0, 1, and 2).
changing the coat colour of Braunvieh cattle [38] . Gene GALNT13, affecting ADG, MMWT, DMI, F2, GRF, HCW, LMA, LY, and F3, is involved in mucin type O-Glycan biosynthesis. Gene ATP6V1E2 (ID: 540113), which affects DMI and MMWT, plays an important role in various pathways and biological mechanisms. Gene ATP6V1E2 is near an identified QTL for mycobacterium avium spp. Paratuberculosis resistance in Holstein cattle [61] . Gene GTF2F2 (ID: 509259) affected RFI and is involved in basal transcription factors pathways, which regulate glucose, amino acids and protein, lipid metabolism and many other important metabolic processes. Changes in the function of GTF2F2 would be associated with feed efficiency or metabolic diseases [57] . The minor allele of a newly discovered SNP (6: 37386084), within gene ABCG2 (ID: 536203), was associated with decreasing IFR and marbling. The in silico functional analysis showed that gene ABCG2 is involved in ATP-binding cassette (ABC) transporters and bile secretion pathways. The results of gene ABCG2 in the current study agree with reported gene ABCG2 as QTL for increasing milk yield and decreasing milk fat and protein [62] [63] [64] . The analysis also indicated that insulin-like growth factor 1 receptor gene IGF1R (ID: 281848) affecting ADG and marbling is involved in seven different pathways. Nonetheless, there was no association between production traits and the genotypes of IGF-IR/TaqI polymorphism [65] [66] [67] . This might be because a small number of animals was used to test the association in those analyses. Functional analysis allows a better understanding of the underlying mechanisms contributing to the genetic variation in feed efficiency, and it sheds light on potential pathways to target in future investigations. Genetic variation in RFI explained by candidate genes
The accuracy of a DNA panel to predict a trait like feed efficiency depends on the amount of genetic variation explained. The 98 SNP set associated (P < 0.05) with at least one feed efficiency trait included SNPs that did not pass the FDR threshold, although they significantly contributed towards building the prediction equation in GWAS. The 98 SNP set explained 26% of the genetic variance in RFI whereas the proportion explained by the set of 339 SNPs was 29.6%. The correlation between EBVs of RFI using ASReml and GEBV were 0.52 and 0.66 from the 98 and 399 SNP sets, respectively. Based on the proportion of the genetic variance explained by the 98 SNPs (26%), the corresponding Beef Improvement Federation (BIF) accuracy is 0.127. Nonetheless, the estimated genetic variance by the 98 SNPs might be overestimated as the additive polygenic animal effect was not included in the model. To improve the accuracy of the SNP panel developed from a crossbred population, a large number of phenotypes is required (~2000 animals) [68] . This might partially explain the relatively low estimated accuracy in the current study. In addition, large numbers of identified genes (83 out of 180) from fine mapping RFI were genotyped for only one SNP, and that decreases the probability of detecting the functional mutations. Nonetheless, combining validated SNPs from further fine mapping and the identified 98 SNPs may help develop a DNA test panel for commercial use.
Conclusion
This study reported SNPs that are significantly associated with RFI, performance, and carcass traits. We postulated that the identified significant SNPs, genes, biological mechanisms and pathways could be the direct cause of the variations in feed efficiency traits and carcass traits. The ability of the significant SNP to predict the genetic merit of feed efficiency and carcass traits should be measured in another population.
